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Percutaneous Tumor Ablation with Radiofrequency
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BACKGROUND. Radiofrequency thermal ablation (RFA) is a new minimally invasive
treatment for localized cancer. Minimally invasive surgical options require less
resources, time, recovery, and cost, and often offer reduced morbidity and mor-
tality, compared with more invasive methods. To be useful, image-guided, mini-
mally invasive, local treatments will have to meet those expectations without
sacrificing efficacy.

METHODS. Image-guided, local cancer treatment relies on the assumption that
local disease control may improve survival. Recent developments in ablative tech-
niques are being applied to patients with inoperable, small, or solitary liver tumors,
recurrent metachronous hereditary renal cell carcinoma, and neoplasms in the
bone, lung, breast, and adrenal gland.

RESULTS. Recent refinements in ablation technology enable large tumor volumes
to be treated with image-guided needle placement, either percutaneously, laparo-
scopically, or with open surgery. Local disease control potentially could result in
improved survival, or enhanced operability.

CONCLUSIONS. Consensus indications in oncology are ill-defined, despite wide-
spread proliferation of the technology. A brief review is presented of the current
status of image-guided tumor ablation therapy. More rigorous scientific review,
long-term follow-up, and randomized prospective trials are needed to help define
the role of RFA in oncology. Cancer 2002;94:443-51.

Published 2002 by the American Cancer Society.*

KEYWORDS: radiofrequency thermal ablation, minimally invasive therapy, hyper-
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SOIid tissue tumors traditionally have been treated with systemic
chemotherapy, surgical resection, or local radiation therapy.
Many tumors, however, remain poorly responsive to these therapeu-
tic modalities and necessitate the use of alternative treatments. Re-
cent technical advancements in radiofrequency thermal ablation may
provide one such option for certain cancer patients.

Heat has been used clinically for thousands of years dating back
to ancient Hindu and Greek healers who used it for hemostasis. In
fact, Hippocrates is reported as saying that “those diseases that med-
icine cannot cure, the knife cures; those which the knife cannot cure,
fire cures.”' More recently, heat has been utilized in the surgical
setting as electrocautery to control bleeding and to cut tissue. Percu-
taneous thermal tissue ablation is performed with radiofrequency
current by, in effect, transforming the patient into an electrical circuit
with adhesive grounding pads on the thighs or back. A needle with a
plastic-insulated shaft is placed into the tumor with imaging guid-
ance, in a fashion similar to a routine percutaneous biopsy. Alternat-
ing radiofrequency current agitates ions in the tissue surrounding the
needle, creating frictional heat, which denatures and destroys tissue
at predictable temperatures, in a relatively predictable volume.
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Multiple percutaneous image-guided therapies
currently are available for thermal ablation of local-
ized solid tumors. Thermal sources for these treat-
ment modalities include high-intensity ultrasound,
laser, microwave, and radiofrequency.>® Radiofre-
quency ablation (RFA) is a safe, predictable, and inex-
pensive option and has emerged as the thermal mo-
dality that most easily can create large volumes of
tissue necrosis. The predictability of RFA is adequate
to limit collateral damage and complications, how-
ever, is limited by biologic and anatomic variability of
tissue.

RFA has been used over many years for the treat-
ment of cardiac conduction abnormalities, trigeminal
neuralgia® and osteoid osteomas.” In addition, RFA
recently has been used in the treatment of neoplasms
in the liver,°** kidney,'>™'” adrenal,'® spleen,'® pros-
tate,>>*! bone and soft tissue,?* lung,*® and breast.**
The ablation of metastatic pheochromocytomas has
been described as well.>> However, the most promis-
ing and most common clinical application has been
for liver tumors. Three RFA systems are 510-K cleared
by the Federal Drug Administration (FDA) for soft
tissue tumor ablation (Radionics Inc., Burlington, MA;
RadioTherapeutics Corp., Mountain View, CA; RITA
Medical Systems, Mountain View, CA). Two of these
also are cleared by the FDA (510-K) for unresectable
liver tumor ablation specifically. Thus, although the
technique is in its infancy, it is not an experimental
procedure for the liver.

HEPATIC NEOPLASMS

Hepatocellular carcinoma (HCC) is the most common
solid tumor occurring worldwide with an annual inci-
dence of at least 1 million new patients.”® The death
rate from HCC approximates its occurrence rate due
to its rapidity of progression coupled with a lack of
effective therapies.?” Resection or transplantation pro-
vides the optimal potentially curative or survival-en-
hancing treatment. Percutaneous alcohol injection
therapy also has proven to be an effective local treat-
ment for local or isolated HCC, and transcatheter he-
patic arterial chemoembolization also may play a pal-
liative role for larger, inoperable HCC.

The liver is the most common site of metastatic
colorectal adenocarcinoma. The optimal treatment for
small or solitary disease is surgical tumor resection.
Most patients, however, are not ideal surgical candi-
dates secondary to tumor size, multifocal disease, and
inadequate functional hepatic reserve or tumor prox-
imity to nearby biliary and vascular structures. In fact,
80% of colorectal carcinoma liver metastases are un-
resectable, and most resected tumors recur with only
a 30-40% 5-year survival rate.”®*® This leaves many

patients with suboptimal therapeutic options. Local
disease control in solitary lesions improves survival,
and extrapolation of these data has been used as a
theoretic justification for RFA for colorectal carcinoma
liver metastases. Although the long-term data are
somewhat sparse, RFA may prove to be a safe and
effective treatment option for patients with unresect-
able hepatic tumors.®'*

PROCEDURE

RFA techniques are in their infancy, and there is rapid
evolution of the specific developing and marketed
techniques. Therefore, there is a significant variability
in how RFA is applied and practiced by different in-
vestigators or physicians, which complicates the sci-
entific evaluation of the technique, as well as the pa-
tient’s and oncologist’'s management algorithms.
Thus, the procedure details reported represent the
most common methods of use.

Hepatic tumor ablation with RFA frequently is
performed percutaneously but also may be imple-
mented during open or laparoscopic surgery.'® It most
often is completed as an outpatient procedure with
conscious sedation or, less commonly, under general
anesthesia. With monopolar RFA, the patient is, in
effect, transformed into an electrical circuit by placing
grounding pads on the thighs. Subsequently, the nee-
dle entry site is locally anesthetized down to the liver
capsule with lidocaine or bupivacaine. A small radio-
frequency needle electrode (14-17.5 gauge) com-
prised of an insulated shaft with a noninsulated distal
tip then is inserted percutaneously and guided with
real-time ultrasound, computed tomography (CT)
scan or magnetic resonance imaging (MRI) imaging
into the tumor.

Once properly positioned within the tumor, the
monopolar radiofrequency needle electrode is acti-
vated, resulting in a transfer of electrical current from
the noninsulated distal tip into the surrounding tissue.
Alternating current flows toward the previously placed
grounding pads causing ionic agitation of the sur-
rounding cells, ultimately leading to the production of
frictional heat. As tissue temperatures increase be-
tween 60-100 °C, there is an instantaneous induction
of irreversible cellular damage referred to as coagula-
tion necrosis.**** Lower temperatures (50—60 °C)
may induce coagulation in minutes. However, tem-
peratures lower than 50-60 °C generally are not used
for ablation, because more than 30-40 minutes of
heating are required in those cases. During the
months after treatment, fibrosis and scar tissue grad-
ually replace the necrotic area.

A typical treatment session is comprised of 10-30
minutes of active ablation and commonly produces a



FIGURE 1. Solitary hepatocellular carcinoma recurrence before and after
percutaneous radiofrequency ablation. (A) Computed tomography (CT) scan
before percutaneous ablation with radiofrequency demonstrated a solitary
isolated hepatocellular carcinoma recurrence in the liver (arrow) in a patient
who had undergone multiple previous liver resections. (B) Enhanced CT scan
performed 2 months later demonstrated no enhancement (arrow) in the
treatment sphere, which included tumor and a 1-cm margin of adjacent normal
liver. Lack of enhancement here in the thermal lesion was consistent with
coagulation necrosis and complete treatment.
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FIGURE 2. Colorectal carcinoma metastasis to the liver treated with open
surgical radiofrequency ablation. (A) Contrast-enhanced computed tomography
(CT) scan of the liver demonstrated three adjacent hepatic metastases (arrows)
from colorectal carcinoma at the extreme dome of the liver in a difficult-to-treat
location adjacent to the inferior vena cava and hepatic veins. (2) Contrast-
enhanced CT scan of the liver on the day after treatment demonstrated the
thermal lesion encompassing the region of liver containing the metastases,
suggesting complete treatment. A pleural effusion also was noted, caused by
the proximity of the diaphragm to the thermal lesion.

3.0-5.5-cm spherical zone of coagulation necrosis
(Fig. 1). The treatment area is monitored ultrasono-
graphically for increasing echogenicity during the pro-
cedure. This increase in echogenicity corresponds to
the formation of tissue and water vapor microbubbles
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FIGURE 3. Adrenocortical carcinoma recurrence treated with percutaneous
radiofrequency ablation. (A) Contrast-enhanced computed tomography (CT)
scan demonstrated enhancing bilobed tumor (arrow) in adrenal bed. (B) CT
scan during treatment demonstrated ablation needle (arrows) in tumor. (C)
Enhanced CT scan after treatment depicted a lack of enhancement in tumors
(arrows) and sliver of adjacent spleen, consistent with coagulative necrosis and
cell death. (D) Three-dimensional enhanced CT image with planes cut away
demonstrated treated tumor (arrow), with close proximity of adjacent nontarget
organs (spleen, pancreas, kidney, stomach).

from the heated tissue and is used to roughly estimate
the boundaries of the treatment sphere. Multiple
treatment spheres can be overlapped to ensure com-
plete desiccation of the tumor along with a circumfer-
ential rim of normal hepatic tissue, thus decreasing
the probability of local tumor recurrence.

Recent developments in radiofrequency tumor
ablation involve three-dimensional enlargement of
the treatment sphere to permit the ablation of neo-
plasms varying in size and shape. In fact, several
methods of expanding this sphere currently are avail-
able. When using a simple monopolar needle elec-
trode, the current transferred to the surrounding tis-
sue is inversely proportional to the square of the
distance from the electrode.'* Consequently, there is a
drastic decline in tissue temperature as heat travels
farther from the needle electrode, causing a reduction
in lesion dimension.**** The use of a multiple array
electrode is one way to circumvent this obstacle. The
multiple array electrode is a coaxial system comprised

FIGURE 4. Renal cell carcinoma treated with percutaneous radiofrequency
ablation. (A) Contrast-enhanced CT scan of right kidney demonstrated enhanc-
ing renal cell carcinoma (arrow). (B) Contrast-enhanced CT scan after percu-
taneous tumor ablation with a 17-gauge radiofrequency ablation probe dem-
onstrated lack of prior enhancement in tumor (arrow) consistent with complete
treatment.

of several inner hook electrodes within a needle shaft.
Once inside the tumor, the inner hooks are deployed
and expand similar to an umbrella, thus creating a
series of active electrodes, which effectively increase
the dimension of ablation.'"'*3?

Saline-enhanced RFA is another strategy designed
to amplify the ablative sphere and involves the intro-
duction of normal or hypertonic saline into the target
tissue via a cannulated radiofrequency (RF)
probe.**™3° The infused saline solution either facili-
tates the conduction of energy or improves thermal
transmission away from the RF needle and thus ex-
pands the thermal zone. However, saline injection
may sacrifice uniformity or predictability as the saline
may diffuse in an irregular fashion.



The use of an internally cooled RF probe also has
been shown to be effective in increasing lesion dimen-
sion.**~*? As tissue is heated to temperatures > 105 °C,
it begins to boil and vaporize. Vaporization near the
probe serves as an insulating shell that inhibits the
propagation of heat through the tumor and therefore
decreases the volume of tissue treated. In addition,
rapid tissue destruction can produce overcooking or
charring of the tissue immediately surrounding the
needle electrode. As with tissue vaporization, this
charring effect limits the quantity of energy deposited
into the target zone and causes incomplete destruc-
tion of cells farthest from the needle. Internally cooled
RF probes selectively limit the increase in temperature
in tissue closest to the needle electrode and permit
greater overall energy deposition. The probe is com-
prised of two internal, closed lumens within a closed
needle tip. One lumen transports chilled perfusate to
the distal tip whereas the other returns the warmed
solution to an outer collection assembly. By prevent-
ing charring and vaporization, cooled RF probes are
capable of producing lesions of greater dimension.

Energy pulsing is yet another technique applied to
augment overall energy transfer while avoiding vapor-
ization and charring. This approach uses a rapid al-
ternation of high and low energy deposition to pref-
erentially cool tissue proximal to the probe while
maintaining continual heating of more distant tis-
sue.®? As a result of the increased thermal zone, a
greater volume of necrosis is achieved.** Combining
energy pulsing with an internally cooled RF probe
synergistically produces greater tissue ablation than
either method alone.**

An additional barrier to successful RFA of hepatic
neoplasms is the treatment of hypervascular tumors
or tumors adjacent to blood vessels. The presence of
blood vessels within or near hepatic tumors causes the
conduction of thermal energy away from the target
tissue and into the relatively cooler blood. Perfusion-
mediated cooling limits the heating of perivascular
tissue and leads to the production of irregularly
shaped treatment spheres.*>*” The primary impedi-
ment caused by this “heat-sink” effect is the sparing of
tumor cells nearest to blood vessels, resulting in sub-
sequent tumor recurrence. Given this phenomenon of
perfusion-mediated cooling, several methods of he-
patic blood flow reduction have been designed to
increase lesion dimension and to ensure perivascular
tumor death. Surgical cross-clamping or wrapping of
the portal vein and hepatic artery at the porta hepatis
(Pringle maneuver) during RFA has been shown to
increase lesion size (Fig. 2).*>*” Angiographic hepatic
arterial balloon occlusion also has shown positive re-
sults. However, because of the dual blood supply of
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the liver, balloon occlusion may have clinical limita-
tions.*® In addition, selective transcatheter chemoem-
bolization with polyvinyl alcohol particles, cisplatin,
doxorubicin, and mitomycin C in conjunction with
RFA has demonstrated promising results.*®

Hepatic tissue composition is another factor play-
ing a primary role in the determination of treatment
size. Primary HCCs are generally soft and encapsu-
lated within a hardened, cirrhotic liver parenchyma.
During RFA therapy, this rigid periphery acts as an
insulating wall, thus permitting increased tempera-
tures within the tumor. This has been referred to as
the “oven effect”.® Conversely, tumors metastatic to
the liver tend to be hard and dense in comparison to
the surrounding healthy liver. They also tend to have
irregular, infiltrating borders, and thus are more diffi-
cult to treat percutaneously with RFA than HCC. Con-
sequently, a larger HCC may be ablated more effec-
tively than a similar-sized colorectal metastasis.
Inclusion criteria for size may be appropriately ad-
justed for cell type.

On termination of the treatment session, the ac-
tive RF probe is removed slowly from the treatment
site. This allows for cauterization of the needle tract,
thereby minimizing postprocedure bleeding and pre-
venting seeding of the needle tract by tumor cells
inadvertently attached to the needle electrode.

A postprocedure CT scan, which often displays a
nonenhancing region ideally enveloping the previous
tumor location, also is obtained. Close imaging follow-
up with CT and MRI plays a vital role in the manage-
ment of the post-RFA patient. Recurrences or re-
growths can be considered for repeat RFA if the
disease is discovered early, before the tumor geome-
try, location, or distribution become unfavorable.
However, neoplastic tissue may be difficult to differ-
entiate from scar tissue in the thermal lesion on CT
and MRI. Neoplasm may have a characteristic nodular
or irregular footprint along the usual thermal lesion
margin, which characteristically shows uniform, regu-
lar, and thin contrast enhancement for months after
RFA. Positron emission tomography scan may be use-
ful in the pre-RFA evaluation, as well as to differentiate
posttreatment morphologic changes from metaboli-
cally active tumor.

RESULTS IN THE LIVER

There is evidence to suggest that RFA can provide
local, short-term control of small liver malignancies.
In one of the largest series to date, only a 1.8% early
recurrence rate with median follow up of 15 months
was reported in 169 primary and metastatic liver tu-
mors in 123 patients. However, 28% of patients devel-
oped metastatic disease elsewhere. The literature con-
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cerning RFA for small liver lesions repeats this trend of
high rates of local control, however, also with moder-
ate rates of subsequent development of disease else-
where. A four-series review of RFA for small HCC (<3
cm dimension) revealed a near-complete necrosis rate
of 90% at 6 months; however, only approximately 67%
of the patients remained tumor free during the 12-23-
month mean follow-up.*® Results for metastatic liver
tumors are slightly less promising. Dodd et al. sum-
marized several clinical series for RFA of similar small
(<3 cm dimension) liver metastases as a 52—-67% com-
plete ablation rate at 1 year, with survival rates of 96%,
64%, and 40% at 1, 3, and 5 years, respectively.”® Only
time will tell whether these short-term results will
translate into improved long-term survival, although
preliminary results are quite promising.'*

Cryoablation has been used for many more years
as an effective method of tissue destruction during
open hepatic surgery. However, it may be prone to
more complications than RFA, is more expensive, and
is less easily performed laparoscopically or percutane-
ously, because of the larger probe size.’>** Pearson et
al. reported that RFA had a lower recurrence and
complication rates compared with intraoperative
cryoablation, in a nonrandomized study of 146 pa-
tients with inoperable liver tumors.>® Cryoablation
also may have longer hospital and intensive care unit
stays and more blood loss, thrombocytopenia, pleural
effusion, and inflammatory response than RFA.**>3 To
our knowledge, no randomized, controlled prospec-
tive studies have been reported to date comparing
newer small-probe cryoablation with RFA, and the
comparison remains controversial and highly subjec-
tive.

OTHER ONCOLOGIC APPLICATIONS

RFA also has been studied as a minimally invasive,
nephron-sparing option for the treatment of renal tu-
mors (Fig. 4).">7'" It may be well suited for patients
who are poor surgical candidates or have multiple
comorbid illnesses, a solitary kidney, renal insuffi-
ciency, or unresectable tumors. It also is a viable treat-
ment alternative for patients in whom renal preserva-
tion is desired, such as those with von Hippel-Lindau
disease or other conditions that predispose patients to
the development of multiple bilateral renal malignan-
cies. Preliminary reports using RFA for exophytic or
small (<3 cm dimension) renal cell carcinoma show a
high rate of local control by CT scan criteria on short-
term follow-up'”®* (C Pavlovich work in press in
] Urology). This potentially could prolong renal func-
tion in patients with hereditary, recurrent metachro-
nous renal tumors, such as von Hippel-Lindau dis-
ease.

RFA of primary and secondary lung malignancies
has been reported recently. Although somewhat spec-
ulative, RFA eventually could help in the management
of nonsurgical patients or as an adjunctive therapy to
conventional chemotherapy or radiotherapy.”® RFA
for breast carcinoma, such as lung carcinoma, is at an
early stage of clinical development. Five patients with
locally advanced invasive breast carcinoma were
treated with RFA just before surgical resection, with
complete cell death in four of five.?* In the absence of
further study, the exact role or clinical indication for
breast and lung RFA remains completely speculative.

Treatment options for metastatic adrenocortical
carcinoma are limited. The lack of effective chemo-
therapy or radiation therapy has led to a reliance on
repeat surgical resection in the management of recur-
rent and metastatic adrenocortical carcinoma. Re-
peated surgical resection can prolong survival; how-
ever, the associated morbidity and cost can be high.
RFA can eliminate radiographic evidence for disease
in select patients with recurrent adrenocortical carci-
noma (Fig. 3).'® Extrapolation from the surgical liter-
ature suggests that repeated local disease control with
ablation might benefit patients with such diseases in
which aggressive surgical management prolongs sur-
vival. RFA provides a nonsurgical option for tissue
destruction in the inoperable patient.

Similar to hepatic malignancies, local splenic neo-
plasms traditionally have been treated with surgery,
which remains the definitive treatment of choice. RFA
is a minimally invasive option that may be less expen-
sive and safer for certain patients. RFA also may be a
beneficial alternative for patients who pose a high
surgical risk, have comorbid disease, or have concom-
itant tumors. Image-guided spleen biopsies have been
performed with relatively little morbidity.>*~>® Much
like percutaneous biopsies, splenic probe placement
during RFA should target the tumor while penetrating
as little spleen as necessary.>” Although it may be an
uncommon clinical scenario, focal splenic disease
may be safely targeted with percutaneous RFA, thus
preserving normal parenchyma and function.'

Conventional surgery for benign prostatic hyper-
trophy and prostate carcinoma often runs the risk of
postsurgical morbidity including erectile dysfunction.
RFA may provide a reliable method of predictable
gland destruction without significant injury to the
nearby bladder base, urethra, or rectum.?®*' Laser,
microwave, focused ultrasound, cryotherapy, and
brachytherapy are other successful minimally invasive
methods of destroying prostatic tissue.

RFA also may provide a means for the palliation of
pain unresponsive to other therapies.”>*® RFA has
been used for over 10 years to effectively treat benign



bone tumors such as osteoid osteomas.’ It also has
been described recently in the treatment of metastatic
bone disease.”* Preliminary data suggest that RFA
may be efficacious in the short-term local control of
painful bone and peripheral soft tissue tumors.>%°!
This rapid, short-term response could lessen the use
of narcotics in palliative care.

COMPLICATIONS

The complication rate of RFA in the treatment of he-
patic neoplasms has been estimated as less than
3%.'*%° Complications include bleeding, effusion, fe-
ver, and infection and usually are managed nonopera-
tively. Complications may be specific to thermal dam-
age (grounding pad burns, damage to adjacent normal
structures) or related to other risks of needle manip-
ulation (seeding, bleeding, infection). The 14-17.5-
gauge needles used in RFA are the same sizes as those
used in percutaneous biopsies, and some have the
added benefit of cauterizing the needle track to de-
crease bleeding and tumor seeding, resulting in the
low rate of postablation bleeding. In addition, the
predictable nature of RFA commonly assigns a rela-
tively low risk of collateral damage to nearby struc-
tures. In fact, the heat sink effect of adjacent blood
vessels serves to protect vascular integrity from ther-
mal damage. However, this protective effect also pre-
serves the viability of neighboring tumor cells and
increases the likelihood of local recurrence.

CONCLUSIONS

Percutaneous RFA has become a credible addition to
the arsenal of minimally invasive cancer therapies.
Image-guided local ablation is based on the premise
that local disease control can have a positive effect on
survival in selected patient populations. In the West-
ern hemisphere, most patients that might benefit from
RFA have colorectal carcinoma metastases to the liver.
Recent technical developments allow RFA to be per-
formed in a safe, predictable, and inexpensive manner
with low complication rates and minimal patient dis-
comfort. Currently, RFA is not a surgical substitute,
and long-term follow-up data are pending; however,
short-term results indicate that RFA can be utilized as
a practical, safe, and effective treatment alternative for
many cancer patients.
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